The analysis of chemical species is one of the most fundamental and long-standing challenges in fiber-optic sensors research. Existing sensor architectures require a spatial overlap between light and the substance being tested and rely either on structural modifications of standard fibers or on specialty photonic crystal fibers. In this work, we report an optomechanical fiber sensor that addresses liquids outside the cladding of standard, 8/125 μm single-mode fibers with no structural intervention. Measurements are based on forward stimulated Brillouin scattering by radial, guided acoustic modes of the fiber structure. The acoustic modes are stimulated by an optical pump pulse and probed by an optical signal wave, both confined to the core. The acoustic vibrations induce a nonreciprocal phase delay to the signal wave, which is monitored in a Sagnac interferometer loop configuration. The measured resonance frequencies and excitation strengths of individual modes agree with the predictions of a corresponding quantitative analysis. The acoustic reflectivity at the outer cladding boundary and the acoustic impedance of the surrounding medium are extracted from cavity lifetime measurements of multiple modes. The acoustic impedances of deionized water and ethanol are measured with better than 1% accuracy. The measurements successfully distinguish between aqueous solutions with 0, 4%, 8%, and 12% concentrations of dissolved salt. The new fiber-sensing paradigm might be used in the monitoring of industrial processes involving ionic solutions.
INTRODUCTION
Optical fibers constitute an excellent sensing platform [1] [2] [3] [4] . Fibers allow remote access and can be embedded within a structure under test with little effect on functionality. Fibers are also immune to electro-magnetic interference and are suitable for hazardous environments where electricity cannot be used. One of the most fundamental and widely investigated challenges in fiber sensor research is the analysis of the surrounding media [4] . The vast majority of sensing protocols monitor either the refractive index or the absorption spectrum of a substance under test. Such measurements face an inherent difficulty: the analysis mandates some degree of spatial overlap between an optical wave and the medium being studied, whereas light in standard fibers is confined to the core and does not reach the outside of the cladding.
To go around this difficulty, the fiber-optic sensors of liquids developed to date either rely on hollow-core, photonic crystal fibers (PCFs) [5] [6] [7] [8] or involve considerable structural modifications of standard fibers. Specific forms of the latter include long-period fiber Bragg gratings for the excitation of cladding modes [9] , etching or polishing fibers down to the core [10, 11] , tapering fibers down to few-microns diameters [12] , the application of transducer coating layers [13] , the fabrication of inline cavities [14] , and the use of cleaved facets [15, 16] . Many of these devices and setups are extremely sensitive. However, the structural interventions involved in their realization remain a major drawback. Another promising approach is the use of specialty materials, such as chemically sensitive fibers made of biopolymers or biocompatible hydrogels [17, 18] , silk [19] , and even spider silk [20] .
In this work, we propose and demonstrate, for the first time to our knowledge, the analysis of liquid media outside the cladding of a standard, 8/125 μm single-mode fiber, with no structural modifications or external transducer elements. The measurement principle is based on optomechanics: the stimulation and probing of guided acoustic modes of the fiber structure at hundreds of megahertz frequencies [21] [22] [23] [24] [25] [26] [27] by optical waves that are confined to the core. The temporal decay profile of the stimulated acoustic waves is affected by partial reflection and transmission at the outer boundary of the fiber cladding. Therefore, the acoustic impedance of the surrounding medium may be obtained based on acoustic cavity lifetime measurements. Sound waves generated by stimulated Brillouin scattering processes were previously used to penetrate the media outside of photonic devices [28] [29] [30] [31] .
In our experiments, we measure the acoustic impedances of deionized water and ethanol. The results agree with values reported in the literature to within less than 1% [32] . Further, the analysis successfully distinguishes between solutions of NaCl dissolved in deionized water, prepared with different salt weight ratios of 0, 4%, 8%, and 12%. The dependence of the acoustic impedance on the level of salinity is in general agreement with the literature as well [33] . These last results illustrate the sensitivity of the analysis protocol and also its potential application in the monitoring of heavy ionic solutions in industrial processes. The platform represents a conceptual breakthrough in fiber-optic sensing of liquids.
PRINCIPLES OF OPERATION
A. Optical Stimulation and Probing of Guided Acoustic Waves in Standard Fibers
Radial Acoustic Modes in Standard Fibers
Standard optical fibers support several groups of guided acoustic modes [21, 22] . One category is that of radial modes, denoted as R 0;m , in which the acoustic field is radially symmetric. Let us denote the radius of the fiber cladding as a 62.5 μm and the acoustic velocities of the longitudinal and shear waves in silica as V d 5996 m∕s and V s 3740 m∕s, respectively. The cutoff frequency of mode R 0;m is given by f 0;m V d ∕2πaξ m , where ξ m is the mth solution to the equation [21] 
and α ≡ V s ∕V d 0.62. The acoustic modes are formulated in a cylindrical coordinate system, where r is the radial coordinate and z denotes the axial position. The transverse profile of density fluctuations in mode R 0;m is proportional to [27] Δρ 0;m r J 0 ξ m r∕a:
2. Optomechanical Stimulation of Radial Acoustic Modes Figure 1 (a) shows a schematic illustration of the dispersion relation between the acoustic frequencies of modes R 0;m and their axial wavenumbers q z;m [25] . Immediately above the cutoff, the modes are entirely transverse, and their group velocity component in the z direction approaches zero. In contrast, the axial phase velocity can become arbitrarily large close to f 0;m .
For each m, there exists a frequency f m ≈ f 0;m , for which the phase velocity in the axial direction of R 0;m matches that of the optical mode in the fiber: 2πf m ∕q z;m c∕n, where n is the effective refractive index of the optical mode (see Fig. 1 ). Coupling can be introduced between an acoustic mode R 0;m and a pair of co-propagating optical waves that are spectrally detuned by f m through the mechanisms of electro-striction and photo-elasticity. The process is illustrated in Fig. 1(b) . The magnitude of density fluctuations in each radial mode scales with the transverse overlap integral between Δρ 0;m r and ∇ 2 T E 2 r, where Er denotes the transverse profile of the optical field [25, 26] . While the axial wavenumber components of the acoustic waves taking part in such interactions are nonzero, they are nevertheless much smaller than the corresponding transverse components:
Acousto-optic interactions involving radial modes are often referred to as forward stimulated Brillouin scattering [26] , guided acoustic wave Brillouin scattering [21] , or Raman-like scattering by acoustic phonons [25] . These interactions have been studied extensively since 1985 [21] [22] [23] [24] [25] [26] [27] . Experiments show resonant stimulations at frequencies that match very well with the predicted values of f 0;m [21] [22] [23] [24] [25] [26] [27] . The modes were mapped in standard single-mode fibers [21] , highly nonlinear small-core fibers [26] , and PCFs [25] . Scattering by radial acoustic modes was found to limit the propagation length of solitons [34] and distort modulated signals [27] . The temperature dependence of f 0;m was characterized in standard fibers [35] and in PCFs [36, 37] . The thermal coefficient of the resonance frequencies in standard fibers is ∂f 0;m ∕∂T ∕f 0;m 93 ppm∕K [35] , where T denotes temperature, the same as that of backward stimulated Brillouin scattering. The strain dependence of the radial modes frequencies was investigated as well [38] .
Probing the Acoustic Modes with an Optical Signal Wave
In our experiments, radial acoustic modes are driven by the spectral components of intense, isolated, and short pump pulses at a central optical wavelength λ p . The acoustic vibrations induce refractive index perturbations Δn, which follow the propagation of the pump pulses. The magnitude of Δn is very weak [21, 26] . Nevertheless, they may introduce changes in the phase delay of a co-propagating signal wave at a different wavelength λ s [21] . The signal acquires an additional phase delay of Δφ 2π∕λ s · Δn · L, where L is the entire length of the fiber. A counter-propagating signal wave, on the other hand, is subject to negligible phase delay variations. The additional phase delay of the signal is therefore nonreciprocal. The relatively weak signal does not affect the acoustic waves. The phase delays are measurable in standard fibers when L is on the order of tens of meters or longer. Kang et al. used a Sagnac interferometer loop configuration to convert nonreciprocal phase variations into changes in the intensity of the output signal [25] . We adapt this approach in our sensor platform (see Section 3).
B. Impedance of Surrounding Media and the Acoustic Lifetime
The optical pump wave stimulates an acoustic impulse in the core of the fiber, which represents a superposition of multiple radial modes. The acoustic impulse spreads and radiates outward from the core and reaches the outer boundary of the cladding after 0.5t r ≡ a∕V d seconds (see Fig. 2 ). Part of the acoustic wave magnitude is reflected back toward the core, while another part is transmitted to the surrounding medium.
An echo of the acoustic impulse reforms within the core of the fiber once every t r ≈ 20.83 ns. Each impulse echo is weaker than the previous one, due to transmission losses at the cladding boundary as well as internal dissipation within the silica fiber. Therefore, the acoustic field within the core consists of an infinite series of decaying impulses, separated by t r .
The reflectivity coefficient of the acoustic field magnitude is determined by the acoustic impedance of silica fiber Z f and that of the outside medium Z o [39] :
The acoustic impedance equals the product of the material density and its acoustic velocity [39] . The impedance values for silica, deionized water, and ethanol at room temperature are 13.19e6, 1.496e6, and 0.953e6 kg∕m 2 ⋅ s, respectively [40] . The acoustic impedance of air is much smaller: 416 kg∕m 2 ⋅ s [40] . It is assumed hereunder that the impedances are independent of the acoustic frequency.
The oscillations lifetime τ m of an individual mode R 0;m is given by
In Eq. (4), τ mir is the lifetime due to transmission losses at the boundary, and τ m;int denotes the acoustic lifetime associated with internal dissipation, diameter inhomogeneity, and ellipticity of the fiber, and all other sources of loss.
Our proposed sensing protocol is the following: with prior knowledge of τ m;int , measurements of the decay time constant of stimulated R 0;m modes may recover the acoustic reflectivity coefficient at the cladding boundary and hence the acoustic impedance of the surrounding medium. The measurements do not rely on the refractive index or absorption spectrum of the medium under test. Furthermore, since both the stimulation and probing of the acoustic modes are carried out from within the core, no direct spatial overlap is necessary between optical waves and the analyzed medium.
EXPERIMENTAL RESULTS

A. Experimental Setup
A schematic illustration of the experimental setup is provided in Fig. 3 [25, 41] . Light from a laser diode source (λ p 1560 nm) was amplitude modulated in a semiconductor optical amplifier (SOA), driven by repeating current pulses of 20 ns duration and 20 μs period. The SOA was necessary to achieve an extinction ratio that was higher than 30 dB. However, the available device could not support shorter pulses. To that end, the pump pulses were further modulated to 1 ns duration with the same period by an electro-optic Mach-Zehnder amplitude modulator. The waveform generators driving the SOA and amplitude modulator were properly synchronized. The pump wave was amplified by an erbium-doped fiber amplifier (EDFA) and launched into a section of standard, single-mode fiber under test (FUT). Due to the low duty cycle and high extinction ratio of the modulation, high peak power levels of pump pulses could be obtained at the EDFA output. The peak power level was adjusted to 4.3 W.
The FUT was placed within a Sagnac loop ( [25, 41] (see Fig. 3 ). A signal wave from a second laser diode at λ s 1550 nm was launched into the loop in both directions. The phase delay of the clockwise-propagating signal wave was modified by radial acoustic modes stimulated by the pump pulses, whereas the counterclockwise-propagating signal waves were subject to much smaller phase perturbations, as discussed above. A polarization controller was used to adjust the bias value of the nonreciprocal phase delay within the loop. For sufficiently small nonreciprocal phase delay variations Δφ ≪ π, changes in the signal power at the loop output were linearly proportional to Δφ.
An optical bandpass filter (BPF) was connected to the FUT within the loop at the output end of the pump wave. The BPF allowed the signal wave to propagate in both directions, whereas Research Article the pump pulses were blocked from reaching the loop output. The output signal wave was detected by a broadband photodetector and sampled by a real-time digitizing oscilloscope at a 1 GHz bandwidth. The sampled traces were averaged over 8192 repeating pump pulses and analyzed using offline signal processing.
The pump pulses may also stimulate torsional-radial acoustic modes in the fiber, denoted as TR 2;m [42] . The resonant spectra of these modes overlap those of R 0;m modes, and their excitation interferes with the data analysis. The TR 2;m modes introduce birefringence and polarization-dependent scattering of the signal wave [42] . In order to suppress the contribution of these modes, a polarization scrambler was placed along the input path of the pump wave. The effect of the TR 2;m modes on the output signal wave was canceled out of the averaged output traces.
B. Results: Stripped Fiber in Deionized Water, Ethanol, and Air
In a first set of experiments, a 30-m-long section of FUT was stripped of its polymer coating using sulfuric acid. Figure 4(a) shows an example of the signal output trace V t as a function of time t, with the FUT exposed in the air. A magnified view of the first 200 ns of the output trace is shown in Fig. 4(b) . The first 10 ns of the trace were disregarded due to the residual leakage of the intense pump pulses and cross-phase modulation effects (not shown). A series of impulses separated by t r is observed, as expected.
The power spectral density jV f j 2 of the output trace is presented in Fig. 4(c) . Multiple resonances corresponding to the R 0;m modes are observed. Table 1 lists the experimentally obtained frequencies f 0;m alongside the predicted values {Eq. (1), [21, 26] }. Excellent agreement is achieved. The calculated frequencies are consistently higher by 0.7 0.15%. This difference possibly suggests a cladding diameter of 125.8 μm, which is within the specified tolerances. Figure 4 (d) presents the measured relative power in each mode jV f 0;m j 2 alongside the expected modal strengths, calculated based on the transverse profiles of the acoustic modes and the optical mode and the power spectral density of the pump pulses (see Supplement 1 for a detailed analysis). The experimental uncertainty among consecutive measurements of modal strengths is bound by 5%. Good quantitative agreement is found between the model and the measurements ( Table 1) . The stimulation of the lowest-order modes m 1, 2 is inefficient due to the small overlap between their broad transverse profiles and that of the electro-strictive driving force. The stimulation of modes m ≥ 13 is limited by the bandwidths of the pump pulses. Figure 5 (a) shows V t with the FUT immersed in deionized water and in a mixture of 95% ethanol and 5% methanol. Compared with measurements of the FUT in air, the series of impulses in these traces decays much more quickly. The traces were digitally filtered to select contributions of individual modes, m 3 to 11. Figure 5(b) shows the filtered traces for mode m 5. The modal oscillations are well characterized by an exponential decay, with a single time constant for each mode. The decay is dominated by acoustic transmission losses at the outer boundary of the fiber cladding. The lifetimes of individual modes τ m , with the FUT in deionized water and ethanol, are shown in the lower two curves of Fig. 5(c) . The spectrum consists of a series of discrete modes whose frequencies match the cut-off frequencies of the radial acoustic modes (see Table 1 ). (d) Measurement and calculation of the peak power spectral density in each mode.
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The assessment of acoustic reflectivity jr mir j at the cladding boundary requires knowledge of the intrinsic losses of the acoustic modes [Eq. (4)]:
The intrinsic lifetimes τ int;m were estimated based on measurements taken of the FUT in air. The oscillations of the individual modes were filtered as described above. An example for R 0;5 is shown in Fig. 5(d) . Due to the low acoustic impedance of air, reflectivity at the cladding boundary practically equals unity for all modes. The acoustic resonances with the FUT in air are broadened by inhomogeneity in radius a along the fiber length [26] , and hence their temporal decay cannot be described by a single time constant. The effective intrinsic lifetimes τ m;int were therefore estimated based on the first 150 ns of the filtered traces, a duration that is comparable with modal lifetimes observed with the FUT immersed in test liquids. The estimated lifetimes do not fully describe the entire dynamics of modal oscillations with the fiber in air. Nevertheless, they account for the acoustic losses mechanisms, other than transmission at the boundaries, within the time frame that is relevant to the analysis of liquids. The estimates of τ m;int are shown in the upper trace of Fig. 5(c) . Figure 6 (a) presents the experimentally obtained acoustic impedances of deionized water and ethanol based on the time constants of modes m 3 to 11. The results were averaged over 30 consecutive experiments. The acoustic impedances are independent of the frequency, supporting previous assumptions. The experimental impedances are 1.475e6 0.01e6 km∕m 2 ⋅ s for deionized water and 0.95e6 0.03e6 km∕m 2 ⋅ s for ethanol. The corresponding values reported in the literature are 1.485e6 and 0.953e6 km∕m 2 ⋅ s, respectively [32] . The experimental uncertainties represent the differences between impedance estimates based on different modes. Impedance variations among repeating analyses of a given medium using an individual mode are below 0.1%. The measurements and reference data agree to within less than 1%. The results demonstrate that the fiber-sensor setup can quantitatively measure the acoustic impedance of surrounding liquids outside the cladding. The acoustic impedance of aqueous solutions is known to change with the concentration of dissolved salts [33] . In a second set of experiments, the FUT was immersed in several solutions of deionized water with 4%, 8%, and 12% relative weight of NaCl. The acoustic impedances of the solutions were recovered using the experimental procedure described in the previous subsection. The results are plotted in Fig. 6(b) . The measured impedances of deionized water are shown again for comparison. The results are summarized in Table 2 .
The measurements clearly distinguish between the four solutions. The acoustic impedance is seen to increase with the level of salinity, in agreement with the expectations. Quantitative agreement between the results and the previously stated values is partial: we observed 1.2% increase in impedance per 1% increase in the relative weight of dissolved salt, as opposed to a corresponding impedance change by 1.6% reported in the literature (Ref. [33] , see Table 2 ). The reasons for this disagreement are still under study. Despite these differences, the results illustrate the ability of the sensor setup to resolve fine changes in acoustic impedance.
CONCLUSIONS
In this work, we proposed and demonstrated an optomechanical fiber sensor that is able to measure the acoustic impedances of liquid media outside the cladding of standard single-mode fibers. The outer boundary of the cladding is probed by guided radial acoustic modes of the fiber structure. Both the stimulation and the monitoring of acoustic modes are carried out by optical waves that are confined to the core. Unlike previous sensors of liquids, no structural modification of the standard fiber was necessary. The results represent a new paradigm toward one of the basic challenges of fiber-optic sensor research.
The impedances of deionized water and ethanol were measured and are in excellent agreement with literature values. The analysis also identified fine changes between the impedances of aqueous solutions with different concentrations of dissolved salt. The accuracy of the proposed sensor platform is already relevant to the remote monitoring of industrial processes involving heavy ionic solutions, such as in electro-chemistry or desalination of water. However, the method may be further generalized for the monitoring and detection of various analytes outside the fiber if the cladding is treated with a proper antibody.
Measurements of refractive indexes are prone to ambiguity and uncertainty due to the thermo-optic effect. The optomechanical sensor demonstrated in this work can be immune to this issue. Temperature changes may be identified and calibrated based on tracking the exact resonance frequencies of the acoustic modes or through standard Brillouin analysis.
Stronger pump pulses would support the use of shorter FUTs, toward the meter scale. It should be noted, however, that the pump path within the Sagnac loop inevitably contains residual segments of coated fibers connecting with components such as couplers or BPFs. The acoustic characteristics of these sections should be taken into account in the analysis of data collected over very short FUTs. In the current experiment, comparatively short pump pulses were used in order to excite multiple modes. Alternatively, it is possible to maximize the excitation of an individual mode, for example, by matching the pump pulse duration with half its period. Sine-wave modulation of the pump wave at the acoustic resonance frequency may be employed as well [41] .
Finally, the measurements currently rely on the interaction between the co-propagating pump and signal waves and do not support distributed analysis. Future research would concentrate on trying to remove this limitation.
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